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Audrey	  K	  Ellerbee	  
Final	  Report	  
Self-‐powered	  optical	  spectroscopy	  
	  
Executive	  Summary.	  Quantitative	  optical	  spectroscopy	  is	  a	  powerful	  technique	  for	  
analyzing	  the	  chemical	  composition	  of	  many	  materials:	  the	  interaction	  of	  optical	  photons	  
with	  the	  underlying	  chemical	  bonds	  in	  materials	  produces	  a	  unique	  optical	  signature	  for	  
molecular	  fingerprinting	  or	  resolving	  physical	  structures.	  In	  many	  ways,	  absorption	  and	  
transmission	  spectroscopy	  are	  fundamentally	  connected	  to	  the	  ways	  our	  eyes	  perceive	  the	  
beautiful	  colors	  that	  enrich	  how	  humans	  view	  the	  world;	  moreover,	  spectroscopy	  in	  the	  UV	  
and	  infrared	  regimes	  –	  although	  outside	  the	  bandwidth	  of	  the	  human	  perceptual	  system	  –	  
still	  plays	  an	  important	  role	  in	  many	  measurement	  systems.	  With	  the	  onset	  of	  globalization,	  
however,	  has	  come	  a	  recognition	  that	  not	  all	  measurement	  environments	  are	  equally	  
resourced.	  Hence,	  as	  the	  technology	  germane	  to	  optical	  spectroscopy	  improves	  –	  yielding	  
smaller,	  cheaper,	  more	  powerful	  light	  sources	  and	  faster,	  more	  efficient	  and	  effective	  
detectors	  with	  smaller	  footprints	  –	  there	  remains	  an	  ongoing	  need	  to	  incorporate	  such	  
enabling	  ideas	  and	  components	  into	  new	  strategies	  for	  better	  measurement	  systems	  that	  
are	  more	  robust	  to	  large	  variations	  and	  consistency	  in	  available	  resources	  –	  be	  they	  
electrical,	  financial	  or	  intellectual.	  	  
	  
This	  project	  aimed	  to	  propose	  and	  prototype	  new	  techniques	  for	  quantitative	  optical	  
spectroscopy	  that	  specifically	  consider	  methods	  to	  achieve	  high	  performance	  in	  the	  face	  of	  
fewer	  resources.	  The	  outcome	  of	  this	  work	  has	  yielded	  three	  new	  technologies	  –	  each	  
aimed	  to	  exploit	  photons	  in	  a	  different	  wavelength	  regime	  (UV,	  visible	  or	  infrared)	  for	  the	  
purpose	  of	  optical	  spectroscopy	  –	  in	  order	  to	  understand	  and	  interpret	  the	  interaction	  of	  
light	  with	  biological	  samples.	  
	  
In	  the	  first	  aim,	  with	  a	  goal	  of	  enabling	  UV	  spectroscopy	  using	  visible	  light	  detectors,	  we	  
developed	  a	  new	  strategy	  in	  which	  the	  natural	  photoluminescence	  of	  quantum	  dots	  is	  used	  
as	  an	  optical	  transducer	  to	  passively	  convert	  UV	  radiation	  into	  a	  visible	  wavelength	  signal	  –	  
a	  form	  of	  reverse	  upconversion,	  or	  “downconversion.”	  We	  showed	  that	  when	  extruded	  into	  
large-‐area	  films,	  these	  nanoparticle-‐based	  substrates	  were	  efficient	  and	  sufficient	  to	  enable	  
quantitative	  measurement	  of	  the	  concentration	  of	  undiluted	  body	  fluids	  such	  as	  urine	  and	  
whole	  blood.	  Our	  QD-‐based	  sensor	  is	  the	  first	  instrument	  capable	  of	  non-‐contact	  
measurement	  of	  the	  concentration	  of	  analytes	  (specifically,	  glucose)	  in	  unprepped	  
biological	  samples	  whose	  3.5-‐μM	  limit	  of	  detection	  rivals	  the	  best	  demonstrated	  alternative	  
strategies	  while	  simultaneously	  having	  a	  dynamic	  range	  that	  spans	  the	  entire	  clinically	  
relevant	  range	  for	  the	  analytes	  of	  interest.	  In	  addition,	  we	  showed	  that	  integration	  of	  a	  cell	  
phone	  detector	  yielded	  a	  system	  with	  similar	  performance	  to	  its	  expensive	  research	  grade	  
counterpart	  instrument,	  a	  standard	  spectrophotometer.	  
	  
In	  the	  second	  aim,	  with	  the	  goal	  of	  making	  robust,	  quantitative	  measurements	  of	  
colorimetric	  dipstick	  assays	  at	  visible	  wavelengths,	  we	  developed	  a	  new	  platform	  for	  
sample	  loading	  and	  sample	  delivery	  that	  is	  amenable	  to	  point-‐of-‐care	  applications	  when	  
operated	  by	  unskilled	  users.	  While	  the	  work	  for	  this	  aim	  is	  ongoing,	  we	  have	  already	  



demonstrated	  that	  the	  general	  strategy	  we	  pursue	  can	  address	  for	  major	  barriers	  to	  
acceptance	  of	  this	  ubiquitous	  technology	  as	  a	  definitive	  diagnostic	  tool	  in	  the	  hands	  of	  
ordinary	  persons	  and	  provides	  new	  opportunities	  for	  at-‐home	  monitoring	  that	  broaden	  
access	  to	  reliable	  healthcare.	  
	  
In	  the	  third	  aim,	  with	  the	  goal	  of	  facilitating	  polarization-‐sensitive	  detection	  using	  near-‐
infrared	  spectroscopy,	  we	  demonstrate	  a	  new	  strategy	  for	  near-‐infrared	  spectroscopic	  
interferometry	  (based	  on	  optical	  coherence	  tomography)	  to	  expedite	  the	  process	  of	  
polarization-‐sensitive	  detection	  of	  biological	  tissue	  (i.e.	  identify	  birefringence).	  Our	  design	  
for	  a	  passive	  optical	  structure	  to	  enable	  interleaved	  optical	  frequency	  combs	  comprising	  
orthogonal	  polarization	  states	  can	  be	  used	  to	  replace	  other	  active,	  more	  expensive	  
polarization	  components	  and	  contribute	  to	  faster	  measurements	  overall,	  realizing	  gains	  in	  
system	  performance	  in	  the	  face	  of	  lower	  financial	  resources.	  Our	  proof-‐of-‐principle	  
demonstrations	  of	  the	  concept	  using	  calibrated	  polarizing	  components	  and	  biological	  tissue	  
reveal	  that	  this	  strategy	  represents	  a	  new	  platform	  for	  faster,	  depth-‐selective	  imaging	  while	  
providing	  label-‐free	  molecular	  contrast.	  
	  
A	  brief	  summary	  of	  the	  main	  results	  for	  this	  work	  follows;	  the	  reader	  is	  encouraged	  to	  
review	  our	  peer-‐reviewed	  publications	  for	  more	  details.	  
	  
	  
AIM	  1:	  Fabricate	  large-‐area	  nanoparticle	  films	  for	  low-‐cost	  UV	  
spectroscopy	  

	  
Abstract:	  We	  present	  a	  label-‐free,	  optical	  sensor	  for	  biomedical	  applications	  based	  on	  
changes	  in	  the	  visible	  photoluminescence	  (PL)	  of	  quantum	  dots	  in	  a	  thin	  polymer	  film.	  
Using	  glucose	  as	  the	  target	  molecule,	  the	  screening	  of	  UV	  excitation	  due	  to	  pre-‐absorption	  
by	  the	  product	  of	  an	  enzymatic	  assay	  leads	  to	  quenching	  of	  the	  PL	  of	  quantum	  dots	  (QDs)	  in	  
a	  non-‐contact	  scheme.	  The	  irradiance	  changes	  in	  QD	  PL	  indicate	  quantitatively	  the	  level	  of	  
glucose	  present.	  The	  non-‐contact	  nature	  of	  the	  assay	  prevents	  surface	  degradation	  of	  the	  
QDs,	  which	  yields	  an	  efficient,	  waste-‐free,	  cost-‐effective,	  portable,	  and	  sustainable	  
biosensor	  with	  attractive	  market	  features.	  The	  limit	  of	  detection	  of	  the	  demonstrated	  
biosensor	  is	  ~3.5	  µm,	  which	  is	  competitive	  with	  existing	  contact-‐based	  bioassays.	  	  In	  
addition,	  the	  biosensor	  operates	  over	  the	  entire	  clinically	  relevant	  range	  of	  glucose	  
concentrations	  of	  biological	  fluids	  including	  urine	  and	  whole	  blood.	  The	  comparable	  results	  
achieved	  across	  a	  range	  of	  cost-‐affordable	  detectors,	  including	  a	  spectrophotometer,	  
portable	  spectrometer,	  and	  iPhone	  camera,	  suggest	  that	  label-‐free	  and	  visible	  
quantification	  of	  glucose	  with	  QD	  films	  can	  be	  applied	  to	  low-‐cost,	  point-‐of-‐care	  biomedical	  
sensing	  as	  well	  as	  scientific	  applications	  in	  the	  laboratory	  for	  characterizing	  glucose	  or	  
other	  analytes.	  	  
	  
Results	  Highlight	  



 
 
Figure	  1-‐Illustration	  of	  Technique.	  Schematic	  illustration	  of	  a	  non-‐contact	  optical	  
transduction	  for	  the	  quantitation	  of	  glucose	  with	  either	  colloidal	  quantum	  dots	  in	  a	  tandum	  
cuvette	  (route	  A)	  or	  quantum	  dot	  thin	  films	  (route	  B).	  The	  fluorescent	  by-‐product	  (NADH)	  
of	  a	  hexokinase-‐glucose	  6-‐phosphate	  dehydrogenase	  enzymatic	  glucose	  assay	  absorbs	  UV	  
excitation	  light,	  leading	  to	  increased	  NADH	  fluorescence	  and	  reduced	  QD	  PL	  compared	  to	  
when	  no	  glucose	  is	  present.	  The	  concentration	  of	  glucose	  present	  is	  a	  direct	  function	  of	  the	  
QD	  PL,	  which	  occurs	  in	  the	  visible	  range.	  Residual	  NADH	  PL	  does	  not	  interfere	  with	  the	  
measurement.	  	  	  
 

 
	  
Figure	  2-‐Sample	  accuracy	  for	  biological	  fluids.	  Set	  vs	  Fit	  graphs	  for	  (a)	  urine	  and	  (b)	  
whole	  blood.	  	  Shaded	  region	  in	  (b)	  represents	  the	  accepted	  ISO	  standards	  for	  blood	  glucose	  
meters.	  Data	  points	  correspond	  to	  mean	  ±	  standard	  deviation	  (n	  =	  6).	  
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AIM	  2:	  Implement	  a	  new	  strategy	  for	  low-‐cost,	  volume-‐	  and	  
timing-‐controlled	  point-‐of-‐care	  sample	  delivery	  for	  accurate	  
visible	  light	  spectroscopy	  	  

	  
Abstract:	  We	  designed	  and	  fabricated	  a	  device	  that	  allows	  for	  robust	  and	  quantitative	  
colorimetric	  measurements	  of	  dipstick	  assays,	  specifically	  for	  urinalysis.	  The	  high	  rate	  of	  
user	  error	  associated	  with	  using	  and	  reading	  the	  results	  of	  dipstick	  assays	  has	  rendered	  
them	  unreliable	  in	  the	  hands	  of	  unsilled	  users,	  outside	  of	  a	  clinical	  setting.	  We	  aim	  to	  
remove	  the	  user	  error	  associated	  with	  properly	  preparing	  the	  dipstick,	  therefore,	  making	  
them	  amenable	  for	  at-‐home	  monitoring	  in	  low-‐resource	  settings.	  We	  modified	  the	  original	  
nano-‐liter	  volume	  SlipChip	  device	  to	  create	  a	  low-‐cost	  sample	  delivery	  system	  capable	  of	  
accurately	  transferring	  microliter	  volumes.	  We	  then	  couple	  the	  chip	  with	  a	  unique	  light-‐
shielding	  box	  to	  control	  lighting	  conditions	  and	  mate	  the	  system	  with	  a	  standard	  cell	  phone	  
camera	  for	  quantitative	  readout.	  We	  show	  that	  transferring	  an	  accurate	  volume	  to	  dipstick	  
assays	  is	  a	  crucial	  factor	  in	  the	  accuracy	  of	  visible	  light	  spectroscopy	  for	  accurate	  
measurement	  of	  analyte	  concentration.	  Our	  device	  can	  be	  easily	  altered	  to	  transfer	  
differing	  volumes,	  allowing	  it	  to	  be	  used	  for	  dipstick	  assays	  beyond	  those	  for	  urinalysis.	  
Efforts	  in	  removing	  other	  sources	  of	  user	  error	  (e.g.,	  reading	  the	  results	  of	  the	  assays	  at	  the	  
correct	  time)	  and	  a	  comprehensive	  validation	  of	  the	  device	  are	  ongoing.	  	  
	  
Results	  Highlight	  



Figure	  1	  –	  System	  schematic.	  a)	  Illustration	  of	  operating	  principle	  of	  urinalysis	  device.	  
The	  size	  of	  wells	  in	  slide	  3	  dictates	  the	  volume	  transferred	  to	  the	  dipstick	  assay.	  L:	  loading,	  
O:	  outlet.	  b)	  Image	  of	  actual	  device	  after	  slipping	  of	  slide	  3.	  
	  
	  

	  
Figure	  2	  –	  Volume	  Control	  Results.	  Dipstick	  well	  plate	  number	  loaded	  with	  fluid	  
according	  to	  system	  schematic	  and	  measurement	  of	  fluid	  after	  device	  is	  slipped.	  N	  =	  7	  trials	  
were	  conducted	  for	  validation	  of	  the	  device.	  	  Results	  speak	  to	  the	  accuracy	  of	  the	  device	  for	  
delivery	  of	  correct	  sample	  volumes.	  
	  
Research	  Outcomes	  

1. Invention	  disclosure	  filed.	  
2. Peer-‐reviewed	  manuscript	  in	  preparation.	  
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AIM	  3:	  Implement	  a	  new	  strategy	  for	  low-‐cost,	  depth-‐
resolved,	  near-‐infrared	  polarization	  spectroscopy	  

	  
Abstract:	  We	  introduce	  a	  new	  strategy	  for	  single-‐mode	  fiber	  based	  polarization-‐sensitive	  
(PS-‐)	  optical	  coherence	  tomography	  (OCT)	  using	  orthogonally	  polarized	  optical	  frequency	  
combs	  (OFC)	  in	  the	  sample	  arm.	  The	  two	  OFCs	  are	  tuned	  be	  interleaved	  in	  the	  spectral	  
domain,	  permitting	  simultaneous	  measurement	  of	  both	  polarization	  states	  from	  the	  same	  
spatial	  region,	  close	  to	  the	  location	  of	  zero	  pathlength	  delay.	  The	  two	  polarization	  states	  of	  
the	  beam	  in	  the	  sample	  arm	  are	  demultiplexed	  by	  interpolation	  after	  performing	  
wavelength	  stabilization	  via	  a	  two-‐mirror	  calibration	  method.	  A	  particularly	  attractive	  
aspect	  of	  this	  measurement	  technique	  is	  the	  ability	  to	  reduce	  the	  number	  of	  detectors	  used	  
to	  sample	  the	  data,	  yielding	  a	  cost	  savings	  for	  the	  system	  overall.	  The	  system	  uses	  Jones	  
matrix	  methods	  to	  measure	  quantitatively	  the	  round-‐trip	  phase	  retardation	  B-‐scans	  in	  the	  
sample.	  A	  glass	  plate	  and	  quarter-‐wave	  plate	  were	  measured	  to	  validate	  the	  accuracy	  of	  the	  
birefringence	  measurement.	  Further,	  we	  demonstrated	  the	  potential	  of	  this	  system	  for	  
biomedical	  applications	  by	  measurement	  of	  chicken	  breast	  muscle.	  
	  
Results	  Highlight	  
	  

	  
	  
Fig.	  1.	  Schematic	  of	  the	  PS-‐iOCT	  system	  with	  orthogonally	  polarized	  optical	  
frequency	  
combs.	  FPE:	  Fabry-‐Perot	  etalon;	  PC:	  polarization	  controller;	  FPBS,	  fiber	  polarizing	  beam	  
splitter;	  CIR:	  circulator;	  BS:	  non-‐polarizing	  beam	  splitter;	  PBS:	  polarizing	  beam	  splitter;	  
G,	  galvanometers.	  
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Fig.	  2.	  Intensity	  (a)	  and	  retardation	  (b)	  PS-‐OCT	  images	  of	  ex	  vivo	  chicken	  breast.	  The	  
additional	  contrast	  shown	  by	  the	  banded	  structure	  of	  the	  chicken	  breast	  image	  speaks	  to	  
the	  aligned	  collagen	  in	  the	  tissue	  that	  is	  not	  perceptible	  in	  the	  intensity	  image	  alone.	  
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